1. Introduction {#s0005}
===============

Porcine epidemic diarrhea virus (PEDV) belongs to the order *Nidovirales,* family *Coronaviridae*, and genus *Alphacoronavirus,* and is an enveloped virus with a single-stranded positive RNA genome. It contains four structural proteins-spike (S), membrane (M), nucleocapsid (N), and envelop (*E*)-responsible for viral infectivity and the induction of immune response ([@bib18], [@bib19], [@bib27]). PEDV causes enteric disease, resulting in significant morbidity and mortality in neonatal pigs, and has been reported as a major source of substantial economic losses in most swine producer countries ([@bib9], [@bib10], [@bib12], [@bib13], [@bib37], [@bib39]). In 2014, a less pathogenic PEDV strain was reported in the United States and several other swine producer countries ([@bib11], [@bib44], [@bib50]). This new strain presented insertions and deletions on the amino terminal region of the S protein. On the basis of differences in the S gene and virulence, emerging PEDV strains can be divided into non-S-INDEL (S gene insertions and deletions) and S-INDEL strains ([@bib44]). PEDV pathogenesis is strain-specific, and pathogenesis studies in neonatal pigs have demonstrated that the PEDV non-S-INDEL strain is more pathogenic than the PEDV S-INDEL strain ([@bib11], [@bib45], [@bib50]). PEDV pathogenesis is also inversely correlated with the age of the animals. In adult pigs, PEDV infection is self-resolving regardless of previous PEDV immune status. Moreover, PEDV S-INDEL was shown to be clinically relevant in neonates, but clinical disease could not be reproduced in pigs older than three weeks ([@bib4], [@bib11]).

Host pattern recognition receptors (PRRs), such as toll-like receptors (TLRs) and the cytosolic retinoic acid-inducible gene-1 (RIG-1)-like receptors, recognize pathogen-associated molecular patterns (PAMPs) during viral infection ([@bib1], [@bib3], [@bib40], [@bib43]). This interaction triggers the interferon regulatory transcription factor (IRF3/7) and activates NF-κB, which modulates the expression of several pro-inflammatory cytokines and chemokines. Type 1 interferon alpha/beta (IFNα/IFNβ) are the two essential cytokines that can control viral infections ([@bib24], [@bib36], [@bib47]). Within nidoviruses, acute respiratory syndrome coronavirus (SARS-CoV) and Middle-East respiratory syndrome coronavirus (MERS-CoV) can evade the host immune system by interfering with the NF-κB signaling pathway ([@bib14], [@bib33]), and the infectious bronchitis virus (IBV) inhibits the phosphorylation of kinases that are necessary to activate downstream signaling cascades ([@bib10], [@bib15], [@bib25], [@bib38], [@bib54]).

Two signaling pathways, known as the classical (canonical) pathway and the alternative (non-canonical) pathway ([@bib23], [@bib32]), lead to the activation of NF-κB. The canonical pathway includes the recruitment of the myeloid differentiation primary response gene 88 (MyD88), containing the toll/interleukin-1 receptor (TIR) domain for eventual activation of NF-κB and induction of type I interferons ([@bib22], [@bib23], [@bib41]). In addition, endosomal receptor TLR3 contains exclusively TIR-domain-containing adapter-inducing interferon-β (TRIF) adapter proteins that interact with TRAF6, which induces IRF3/7 similar to the MyD88 pathway ([@bib49], [@bib53];). Finally, both the MyD88 and TRIF pathways activate NF-κB and induce expression of the antiviral type I interferons ([@bib41]). The non-canonical pathway is TLR-independent, and NF-κB can be modulated by RIG-I-TRAF3 mediated through IRF3 ([@bib15]).

Several *in vitro* studies have tried to elucidate the role of PEDV in innate immune response at the cellular level. It has been demonstrated that the nucleocapsid (N) protein of PEDV, during infection of HEK-293T cells, inhibited IFN-β production by annexing the vital interaction between IRF3 and TBK1 ([@bib17]). Other *in vitro* studies in porcine intestinal epithelial cells (IECs) determined that PEDV infection impeded the production of IFN-β by inhibiting the RIG-I pathway and hampering the activation of IRF3 ([@bib7]). Studies in Vero cells showed that PEDV infection degraded STAT-1 and disrupted the IFN response ([@bib30]). Hence, it has been shown that PEDV can regulate different immunological pathways *in vitro*; the main regulatory effect of PEDV on mucosal innate immunity and its strain-dependence on viral pathogenicity is still unknown.

The aim of this study was to investigate the differential gene modulation of pattern recognition TLR and RIG-I-like receptors and downstream mediators on the intestinal mucosa of neonatal pigs infected with PEDV non-S-INDEL and PEDV S-INDEL strains.

2. Materials and methods {#s0010}
========================

2.1. Animal study {#s0015}
-----------------

Thirty 5-days-old conventional piglets were selected for the molecular evaluation of the gene modulation of pattern recognition TLR and RIG-I-like receptors and downstream mediators on intestinal mucosa. The experimental design as well as information of the virus strains used in this study, kinetic of virus shedding, virus distribution in tissues, and pathogenicity was previously described in a PEDV clinical pathogenesis study ([@bib11]). In brief, pigs were injected intramuscularly with a dose of Excede (Zoetis, Kalamazoo, MI) at time of delivery to Iowa State University, Laboratory Animal Resources facilities (Ames, IA). All pigs were confirmed negative for PEDV, PDCoV, TGEV, and porcine rotaviruses (groups A, B, and C) by virus-specific PCRs on rectal swabs, and seronegatives by PEDV indirect immunofluorescent assay. After one day of acclimation, six-day-old pigs were inoculated orogastrically with 10 ml of 10^4^ TCID~50~/ ml of PEDV non-S-INDEL (USA/IN19338/2013) or PEDV S-INDEL (USA/IL20697/2014), or 10 ml of virus-negative culture medium. Five pigs from each group were euthanized at three and seven days post-inoculation (dpi), respectively. Sections of distal small intestine of approximately 0.5 cm in length were snap frozen and saved at −80 °C. Frozen intestine tissue samples were aliquoted, placed in an RNAlater™ Stabilization Solution (Life Technologies, Carlsbad, CA), and kept at −80 °C until further use.

2.2. RNA extraction from porcine intestine tissue {#s0020}
-------------------------------------------------

RNA was extracted from 5 mg of porcine intestinal tissue using the Ambion® MagMAX™ total RNA isolation kit (Life Technologies) and a Kingfisher® 96 magnetic particle processor (Thermo Fisher Scientific, Waltham, MA) following the manufacturer\'s instructions. RNA was eluted into 70 µL of elution buffer and stored at −80 °C.

2.3. Expression of mRNA for TLRs, inflammatory signaling pathways, and cytokines on porcine intestinal mucosa {#s0025}
-------------------------------------------------------------------------------------------------------------

The relative quantification of gene expression of toll-like receptors TLR2, TLR3, TLR4, TLR7, TLR8, and TLR9 was evaluated on total RNA extracted from porcine intestinal tissues. Gene expression of inflammatory signaling pathway molecules, including RIG-1, TRIF, MyD88A, MyD88B, IRF7, TRAF6, NF-κB1 (p105) NF-κB1 (p50), and RelA (p65), was also conducted by SYBR-green RT- PCR on the RNA extracted from intestinal pig mucosa. Gene expression of cytokines IFN-α, IL-6, IL-12, and TNF-α in intestinal mucosa was also investigated following the same protocol described herein for the rest of the genes. All reactions were performed in triplicate and the relative gene expression of each target gene was evaluated in reference to the expression of housekeeping genes GAPDH and beta-actin. All primers were custom-synthesized (Integrated DNA Technologies, Inc., Coralville, IA) to target amplicons, with sizes ranging between 95 and 120 nt base pairs according to the cDNA sequence of each target gene, collected from the National Center for Biotechnology Information (NCBI) database ( [Table 1](#t0005){ref-type="table"}).Table 1Primers used for real-time PCR analysis of genes expression of pattern-recognition receptor TLR and RIG-I-like and downstream mediators on pig intestinal mucosa.Table 1**Gene NamePrimer NamePrimer Sequence (5'−3")Amplicon LengthAccession number**GAPDHPor-GAPDH-40FGGAAAGGCCATCACCATCTT85 bp[XM_021091114.1](ncbi-n:XM_021091114.1){#ir0005}Por-GAPDH−125RCATGGTCGTGAAGACACCAGΒ-ActinPor-βActin−598 FCCCAGCACCATGAAGATCAA88 bp[XM_005670976.2](ncbi-n:XM_005670976.2){#ir0010}Por-βActin−686 RGATCCACATCTGCTGGAAGGTLR2Por-TLR2-1601FGAGTCTGCCACAACTCAAAGA68 bp[XM_005653576.3](ncbi-n:XM_005653576.3){#ir0015}Por-TLR2--1669RCAGAACTGACAACATGGGTAGAATLR3Por-TLR3-1658FGCGGTCCTGTTCAGTTTCT72 bp[KT735340.1](ncbi-n:KT735340.1){#ir0020}Por-TLR3--1730RAAGGCATCTGCTGGGATTTTLR4Por-TLR4-263FAACTGCAGGTGCTGGATTTAT74 bp[AB078418.1](ncbi-n:AB078418.1){#ir0025}Por-TLR4--337RCCGTCAGTATCAAGGTGGAAAGTLR7Por-TLR7-1376FCCCAGGTCCTCGAATCATTAC77 bp[DQ647699.2](ncbi-n:DQ647699.2){#ir0030}Por-TLR7--1453RCATTAAGAGGCAAGGAGGAAGATLR8Por-TLR8-1980FCTTTGATGATGACGCTGCTTTC77 bp[KF019635.1](ncbi-n:KF019635.1){#ir0035}Por-TLR8--2057RGGTGTGTCACTCCTGCTATTCTLR9Por-TLR9-597FCCTCACACATCTCTCACTCAAG82 bp[KC860785.1](ncbi-n:KC860785.1){#ir0040}Por-TLR9--679RGGTGACAATGTGGTTGTAGGARIG-IPor_RIG-I_1922FGAGCCCTTGTGGATGCTTTA91 bp[KC011279.1](ncbi-n:KC011279.1){#ir0045}Por\_ RIG-I_2013RGGGTCATCCCTATGTTCTGATTCTRIFPor_TRIF_1027FCTCCGGTGCAGTCAAACA91 bp[KC969185.1](ncbi-n:KC969185.1){#ir0050}Por_TRIF_1118RGGTAGTGTGTGCTGGTTTCTMyD88APor_MyD88_1852FGGCAGCTGGAACAGACCAA41 bp[EU056736.1](ncbi-n:EU056736.1){#ir0055}Por\_ MyD88_1893RGGCAGGACATCTCGGTCAGAMyD88BPor_MyD88_2501FTGCAGGTGCCCATCAGAAG64 bp[EU056737.1](ncbi-n:EU056737.1){#ir0060}Por\_ MyD88_2565RTGATGAACCGCAGGATGCTNF-ƙB1 (p105)Por\_ NF-ƙB1_1387FGAGGTGCATCTGACGTATTC118 bp[NM_001048232.1](ncbi-n:NM_001048232.1){#ir0065}Por\_ NF-ƙB1_1505RCACATCTCCTGTCACTGCATNF-ƙB1 (p50)Por\_ NF-ƙB1_1249FAAGCACGGAACTGTAGACAC107 bp[KC316024.1](ncbi-n:KC316024.1){#ir0070}Por_NF-ƙB1_1355RTCTGTGGTTTCTGTGACTTTCCRELA (p65)Por_RELA_1616FACATGGACTTCTCAGCCCTTCTGA285 bp[CN155798.1](ncbi-n:CN155798.1){#ir0075}Por_RELA_1331RCCGAAGACATCACCCAAAGATGCTIRF7Por_IRF−7_1193FCACTACACAGAGAAGCTGCT91 bp[HQ026022.1](ncbi-n:HQ026022.1){#ir0080}Por_IRF−7_1284RACCTCCCAGTAGACTTTGCTRAF6Por_TRAF−6_1338FGGGAACGATACGCCTTACAA156 bp[NM_001105286.1](ncbi-n:NM_001105286.1){#ir0085}Por_TRAF−6_1494RCTCTGTCTTAGGGCGTCCIL−6Por_IL−6_260FCAAGGAGGTACTGGCAGAAA164 bp[JQ839263.1](ncbi-n:JQ839263.1){#ir0090}Por_IL−6_424FCAGCCTCGACATTTCCCTTATIL12-p35Por_IL12-p35_200FCAGGCCCAGGAATGTTCAAA166 bp[NM_213993.1](ncbi-n:NM_213993.1){#ir0095}Por_IL12-p35_366RCGTGGCTAGTTCAAGTGGTAAGTNF-αPor_TNFα_157FCCTACTGCACTTCGAGGTTATC158 bp[JF831365.1](ncbi-n:JF831365.1){#ir0100}Por_TNFα_315RGCATACCCACTCTGCCATTIFN-αPor_IFNα_372FTTCTGCACTGGACTGGATC103 bp[KF414740.1](ncbi-n:KF414740.1){#ir0105}Por_IFNα_475RTCTGTGGAAGTATTTCCTCACAG[^2]

The mRNA expression levels were quantified according to the ΔΔCt method ([@bib31]). Briefly, the difference in cycle times, ΔCt, was determined as the difference between the tested gene and the reference housekeeping genes. The ΔΔCt was obtained by finding the difference between groups. The fold change was calculated as 2^-∆∆Ct^. Real-time RT-PCR was performed with eluted RNA and primers, mixed with the commercial Power SYBR Green RNA-to-C~T~™ 1-Step Kit (Applied Biosystems, Foster City, CA), following the manufacturer\'s recommendations. The reverse transcription reaction was conducted at standard mode for 30 min at 48 °C, enzyme activation was conducted at 95 °C for 10 min using an Applied Biosystems™ 7500 real-time PCR instrument. The strands were denatured at 95 °C for 15 s, then annealed and extended at 60 °C for 1 min (40 cycles). A dissociation curve was obtained for each quantitative PCR run to assess its target specificity. The real-time RT-PCR was analyzed with a threshold fixed at a 0.1 setting. Cycle threshold (CT) values ≤ 35 were considered positive for the housekeeping and TLR gene expressions. All samples were tested in triplicate and the results were expressed as fold changes relative to the control animals.

2.4. Statistical analysis {#s0030}
-------------------------

Data were analyzed for normality by Kolmogorov-Smirnov test. The statistical significance between the two treatment groups was determined by non-parametric statistical analysis using the Mann-Whitney test. Significance was assessed at *p* \< 0.05. Data analysis was performed using GraphPad Prism^®^ (GraphPad Software Inc., La Jolla, CA).

3. Results {#s0035}
==========

3.1. PEDV non S-INDEL and S-INDEL infection showed differential modulation on PRRs genes in intestinal mucosa {#s0040}
-------------------------------------------------------------------------------------------------------------

RNA viruses, including PEDV, can interact with a large number of pattern recognition receptors (PRRs) in the intestinal mucosa, such us toll-like receptors (TLRs) and RIG-I-like receptors (RLRs). This interaction plays a critical role in the activation of the innate immune response. TLRs are normally classified based on their anatomical location in membranes or cytoplasmic receptors. Numerous TLRs are expressed in porcine enterocytes with different functions in molecule recognition. In addition, other intracytoplasmic PRRs, such as retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) can sense and recognize double-stranded or single-stranded RNA from a variety of pathogens. In this study, we evaluated gene modulatory effects on a group of PRRs, including TLRs and RLRs, in the intestinal mucosa during early infection by PEDV non-S-INDEL and S-INDEL strains.

Pigs infected with PEDV S-INDEL showed a significant up-regulatory effect (*p* \< 0.05) on TLR3, TLR4, and TLR7 gene expression by 3 dpi compared to non-infected control pigs and pigs infected with the PEDV non-S-INDEL strain ( [Fig. 1](#f0005){ref-type="fig"}B--D). The regulatory effect observed in the PEDV S-INDEL-infected group was transient, returning to basal control levels by 7 dpi. PEDV S-INDEL infection had a significant down-regulatory effect (*p* \< 0.05) on TLR2 gene expression at 3 and 7 dpi ([Fig. 1](#f0005){ref-type="fig"}A). However, PEDV S-INDEL infection did not affect gene modulation of TLR8 and TLR9 compared to the control group ([Fig. 1](#f0005){ref-type="fig"}E, F). In contrast, infection with PEDV non-S-INDEL was shown to have a down-regulatory effect on the expression of TLR4, TLR7, TLR8, and TLR9 (*p* \< 0.05) compared to the non-infected control and PEDV S-INDEL-infected groups consistently at 3dpi ([Fig. 1](#f0005){ref-type="fig"}C--F). However, no statistically significant differences in TLR2 and TLR3 gene modulation levels (*p* \> 0.05) were observed between the PEDV non-S-INDEL and control groups at either 3 or 7 dpi ([Fig. 1](#f0005){ref-type="fig"}A, B).Fig. 1Changes in Toll Like receptor (TLRs) mRNA expression induced by porcine epidemic diarrhea virus (PEDV) non S-INDEL and PEDV S-INDEL strains in intestinal mucosa (A-F). Ten pigs in each group were infected with PEDV non S-INDEL, PEDV S-INDEL or media (negative control) and five pigs from each group were necropsied at 3 and 7 days post-infection (dpi). The mRNA levels of TLR2 (A), TLR 3 (B), TLR4 (C), TLR7 (D), TLR8 (E), and TLR9 (F) at the intestinal mucosa was determined individually in each animal by SYBR- green qRT-PCR. All samples were tested in triplicate and the results are expressed as fold changes relative to the control animals Data are presented as means ± standard errors. Significant difference between PEDV S-INDEL PEDV non S-INDEL and control group are expressed with their *p* values. \**p* \< 0.05; \*\**p* \< 0.01, \*\*\**p* \< 0.001.Fig. 1

The modulation of RIG-I was only affected in response to PEDV S-INDEL infection at 3 dpi, with a significant increment in gene expression compared to the control and non-S-INDEL groups (*p* \< 0.05). However, this modulatory effect was transient, with expression levels returning to the same levels observed for the control and PEDV non-S-INDEL groups by 7 dpi ( [Fig. 2](#f0010){ref-type="fig"}). [Fig. 7](#f0035){ref-type="fig"} summarize the differential modulatory effect on PRRs genes induced by PEDV S-INDEL vs non S-INDEL at dpi 3.Fig. 2Changes in cytosolic retinoic acid-inducible gene-1 (RIG-I) gene mRNA expression induced by porcine epidemic diarrhea virus (PEDV) non S-INDEL and PEDV S-INDEL strains in intestinal mucosa. Ten pigs in each group were infected with PEDV non S-INDEL, PEDV S-INDEL or media (negative control) and five pigs from each group were necropsied at 3 and 7 days post-infection (dpi). The mRNA levels of RIG-I at the intestinal mucosa was determined individually in each animal by SYBR-green qRT-PCR. All samples were tested in triplicate and the results are expressed as fold changes relative to the control animals Data are presented as means ± standard errors. Significant difference between PEDV S-INDEL PEDV non S-INDEL and control group are expressed with their *p* values. \**p* \< 0.05; \*\**p* \< 0.01, \*\*\**p* \< 0.001.Fig. 2Fig. 3Changes in Toll/Interleukin-1 receptor (TIR), myeloid differentiation primary response gene 88 (MyD88), and Nuclear factor (NF)-κB genes mRNA expression induced by porcine epidemic diarrhea virus (PEDV) non S-INDEL and PEDV S-INDEL strains in intestinal mucosa (A-D). Ten pigs in each group were infected with PEDV non S-INDEL, PEDV S-INDEL or media (negative control) and five pigs from each group were necropsied at 3 and 7 days post-infection (dpi). The mRNA levels of TRIF (A), NF-κB (B), MyD88A (C), and MyD88B (D) at the intestinal mucosa was determined individually in each animal by SYBR- green qRT-PCR. All samples were tested in triplicate and the results are expressed as fold changes relative to the control animals Data are presented as means ± standard errors. Significant difference between PEDV S-INDEL PEDV non S-INDEL and control group are expressed with their *p* values. \**p* \< 0.05; \*\**p* \< 0.01, \*\*\**p* \< 0.001.Fig. 3Fig. 4Changes in TNF receptor associated factor (TRAF) 6 and interferon regulatory factor 7 (IRF7) genes mRNA expression induced by porcine epidemic diarrhea virus (PEDV) non S-INDEL and PEDV S-INDEL strains in intestinal mucosa (A-B). Ten pigs in each group were infected with PEDV non S-INDEL, PEDV S-INDEL or media (negative control) and five pigs from each group were necropsied at 3 and 7 days post-infection (dpi). The mRNA levels of TRAF 6 (A), and IRF7 (B) at the intestinal mucosa was determined individually in each animal by SYBR-green qRT-PCR. All samples were tested in triplicate and the results are expressed as fold changes relative to the control animals Data are presented as means ± standard errors. Significant difference between PEDV S-INDEL PEDV non S-INDEL and control group are expressed with their *p* values. \**p* \< 0.05; \*\**p* \< 0.01, \*\*\**p* \< 0.001.Fig. 4Fig. 5Changes in the nuclear translocator NF-κB transcriptional factor family, NF-κB1 (p50) and RelA (p65) genes mRNA expression induced by porcine epidemic diarrhea virus (PEDV) non S-INDEL and PEDV S-INDEL strains in intestinal mucosa (A-B). Ten pigs in each group were infected with PEDV non S-INDEL, PEDV S-INDEL or media (negative control) and five pigs from each group were necropsied at 3 and 7 days post-infection (dpi). The mRNA levels of NF-κB1 (p50) (A), and RelA (p65) (B) at the intestinal mucosa was determined individually in each animal by SYBR-green qRT-PCR. All samples were tested in triplicate and the results are expressed as fold changes relative to the control animals Data are presented as means ± standard errors. Significant difference between PEDV S-INDEL PEDV non S-INDEL and control group are expressed with their *p* values. \**p* \< 0.05; \*\**p* \< 0.01, \*\*\**p* \< 0.001.Fig. 5Fig. 6Changes in proinflammatory cytokines IL-6, IL-12, and TNF-α, and IFN-α genes mRNA expression induced by porcine epidemic diarrhea virus (PEDV) non S-INDEL and PEDV S-INDEL strains in intestinal mucosa (A-D). Ten pigs in each group were infected with PEDV non S-INDEL, PEDV S-INDEL or media (negative control) and five pigs from each group were necropsied at 3 and 7 days post-infection (dpi). The mRNA levels of IL-6 (A), IL-12 (B), TNF-α (C), and IFN-α (D) at the intestinal mucosa was determined individually in each animal by SYBR-green qRT-PCR. All samples were tested in triplicate and the results are expressed as fold changes relative to the control animals Data are presented as means ± standard errors. Significant difference between PEDV S-INDEL PEDV non S-INDEL and control group are expressed with their *p* values. \**p* \< 0.05; \*\**p* \< 0.01, \*\*\**p* \< 0.001.Fig. 6Fig. 7Differential gene modulation of pattern-recognition receptor TLR and RIG-I-like, and downstream mediators on intestinal mucosa of pigs infected with PEDV non S-INDEL and PEDV S-INDEL strains. This figure present differential gene modulation at day post-infection (dpi) 3. PEDV non-S-INDEL infection suppressed the induction of the pro-inflammatory cytokine tumor necrosis factor alpha (TNF-α), and type 1 interferon production (IFN- α) through the down regulation of the cytoplasmic membrane and endosomal TLRs (TLR4, TLR7/8, TLR9), and TLR-downstream signaling molecules (MyD88/TRIF and TRAF6). Although the expression levels of both p50 and p65 were down-regulated after infection with the PEDV non-S-INDEL strain, the down-regulatory effect on MyD88 and TRIF gene pathways did not negatively affect the expression of NF-κB (![](fx1_lrg.gif)). Contrary, PEDV S-INDEL infection induced a positive modulatory effect on TLR3, TLR4, and TLR7 gene expression. However, no significant modulatory effect was observed in the levels of TRIF, and MyD88, genes. PEDV S-INDEL infection induced the pro-inflammatory cytokines TNF-α, and interleukin (IL)−12 through the non-canonical NF-κB signaling pathway by the activation of the intracytoplasmic RIG-I receptor (![](fx2_lrg.gif)).Fig. 7

3.2. Differential modulation of NF-κB through TLR downstream adapters is dependent on PEDV strain {#s0045}
-------------------------------------------------------------------------------------------------

PRRs of the innate immune system initiate signal transduction cascades in response to ligation by microbial-associated molecular patterns (MAMPs), which leads to the transcriptional modulation of downstream signaling molecules. With the exception of TLR3, the myeloid differentiation primary response gene 88 (MyD88) product is the most generally utilized TLR adapter, either by direct interaction (TLR5, 7--9) or *via* an intermediary interaction (TLR4) with the TIR domain-containing adapter protein (TIRAP)/MAL. Engagement of MyD88 leads to recruitment and assembly of the cytoplasmic IL-1 receptor-associated kinases (IRAK) and the TNF receptor-associated factor (TRAF) 6 to form the IRAK--TRAF6 complex, which leads to the activation of the nuclear factor (NF)-κB pathway. The NF-κB transcriptional factor family is composed of NF-κB1 (p105), NF-κB1 (p50) and RelA (p65), subunits that translocate into nuclei and regulate NF-κB. TRAM and TRIF mediate a signal transduction cascade downstream of both TLR3 and TLR4 ([@bib23], [@bib41]). The MyD88- and TRIF-dependent pathways lead to the activation of interferon regulatory factors (IRFs) and the secretion of type-I interferon (IFN) and pro-inflammatory cytokines by activated NF-κB signaling.

Despite the PEDV S-INDEL strain inducing a positive modulatory effect on TLR3, TLR4, and TLR7 gene expression, no significant differences (*p* \> 0.05) were observed in gene expression levels of TRIF, MyD88 (subunits A and B) ([Fig. 3](#f0015){ref-type="fig"}A, C, D). Moreover, the PEDV S-INDEL strain appears to have a down-regulatory effect on TRAF6 and IRF7 genes at 3 dpi (*p* \< 0.05) ([Fig. 4](#f0020){ref-type="fig"}A, B). PEDV S-INDEL-infected animals showed a differential gene modulation characterized by a significant up-regulatory effect in expression levels of NF-κB1 and (p50) genes (*p* \< 0.05) at 7 dpi, and a down-modulatory effect on the expression of the RelA/p65 gene compared to both the control and PEDV non-S-INDEL-infected group at 3 and 7 dpi ([Fig. 5](#f0025){ref-type="fig"}A, B).

Contrary to the PEDV S-INDEL strain, a down-regulatory effect of TLR4, TLR7, TLR8 and TLR9 genes was observed in response to infection with the PEDV non-S-INDEL strain ([Fig. 1](#f0005){ref-type="fig"}), which also negatively affected the gene expression of downstream signaling molecules (*p* \< 0.05), including TRIF, MyD88 (subunits A and B), and TRAF6 ([Figs. 3](#f0015){ref-type="fig"}A, C, D, [4](#f0020){ref-type="fig"}A). Although the expression levels of both p50 and p65 were down-regulated after infection with the PEDV non-S-INDEL strain ([Fig. 5](#f0025){ref-type="fig"}), the down-regulatory effect on MyD88 and TRIF gene pathways did not negatively affect the expression of NF-κB (p105) ([Fig. 3](#f0015){ref-type="fig"}B). [Fig. 7](#f0035){ref-type="fig"} summarize the differential modulatory effect of NF-κB through TLR downstream adapters induced by both PEDV strains at dpi 3.

3.3. Mucosal pro-inflammatory cytokine gene regulation is affected by the PEDV S-INDEL but not the PEDV non-S-INDEL strain {#s0050}
--------------------------------------------------------------------------------------------------------------------------

Pro-inflammatory cytokines and type I interferons (IFNs) are produced at the local intestinal mucosal level as part of the innate immune response during the infection process. The modulatory effect of pro-inflammatory interleukins and IFN genes is the result of a long-elaborated pathway that includes the activation of PRRs and downstream mediators, including MyD88 and TRIF, *via* NF-κB activation. We evaluated whether the differential modulatory effect observed in PRRs and downstream mediators in response to infection with the PEDV S-INDEL *versus* the non-S-INDEL strain was also translated into a differential modulation in the expression of gene coding for pro-inflammatory cytokines and type I interferons. Neither infection with PEDV S-INDEL nor non-S-INDEL was demonstrated to have a modulatory effect on local production of IL-6 ([Fig. 6](#f0030){ref-type="fig"}A). The local expression of IL-12 was not affected at 3 dpi regardless of the PEDV strain. However, a positive modulatory effect on IL-12 gene expression was exerted by PEDV S-INDEL at 7 dpi ([Fig. 6](#f0030){ref-type="fig"}B). The PEDV non S-INDEL strain showed a transient negative modulatory effect of the TNF-α gene at 3 dpi, returning to basal control levels by 7 dpi. However, the PEDV S-INDEL strain consistently up-regulated the expression of the TNF-α gene during the study ([Fig. 6](#f0030){ref-type="fig"}C). The expression of the IFN-α gene was negatively affected only in response to infection with the PEDV non-S-INDEL strain at 3 dpi (*p* \< 0.05) ([Fig. 6](#f0030){ref-type="fig"}D). [Fig. 7](#f0035){ref-type="fig"} summarize the effect of pro-inflammatory cytokine gene regulation by PEDV S-INDEL and PEDV non-S-INDEL strain at dpi 3.

4. Discussion {#s0055}
=============

Pathogen recognition by TLRs and RLRs activates the innate immune response through signaling pathways, resulting in the production of pro-inflammatory cytokines, type I interferons, and chemokines. Intestinal mucosa are composed of a variety of specialized cells that play specific functions during the disease process ([@bib21], [@bib29]). Collectively, intestinal epithelium, dendritic cells, M cells, immune cells in the lamina propria, and peyer patches (*e.g.,* lymphocytes and macrophages) play a role in the intestinal mucosa immune response against pathogens. PRRs are constitutively expressed in all cell populations referred to above and may have differential roles in each cell type and component of the intestinal mucosa. Initial PRR-induced responses are critical in controlling infectious agents, but are also tightly regulated through time-, location-, and cell type-dependent mechanisms. Positive and negative modulation interaction of signaling pathways is the main mechanism for maintaining inmate immune homeostasis. Interferon production, especially type 1 interferon and anti-viral cytokines, is important for host protection against viral invasion. Many viruses can evade the host immune system by regulating signaling pathways, resulting in the blockage of cytokine production ([@bib34]).

Porcine epidemic diarrhea virus (PEDV) causes enteric diseases, resulting in significant economic losses. PEDV pathogenesis is strain-specific, and pathogenesis studies in neonatal pigs have demonstrated that the PEDV non-S-INDEL strain is more pathogenic than the PEDV S-INDEL strain ([@bib11], [@bib45], [@bib50]). PEDV S-INDEL was shown to be clinically relevant in neonates, but clinical disease could not be reproduced in pigs older than three weeks ([@bib4], [@bib11]). The molecular mechanism of innate immune modulation has only been evaluated *in vitro,* and thus available information is scarce ([@bib7], [@bib8], [@bib16], [@bib20], [@bib48]). However, it has been demonstrated that *in vitro* studies are highly dependent on virus strain and cell type, and are not valid for the evaluation of innate immune response against low-virulent strains ([@bib26]). Therefore, in this study, we evaluated the differential modulation of intestinal mucosa PRR signaling mounted against PEDV non-S-IDEL and S-INDEL in piglets from PEDV-naïve sows. The use of an *in vivo* model further allowed the observation of the natural TLRs and signaling pathway homeostasis regulated by the intestinal microbiota.

There is limited information about the role of antiviral innate immunity in the pathogenesis of PEDV infection. However, it is well known that viral infections are usually detected by cell membranes and endosomal-associated TLRs (*e.g.,* TLR4 and TLR3, TLR7/8) and cytosolic RIG-I-like receptors (RLRs), such as RIG-I and MDA5. Activated TLR and RIG-I/MDA-5 signaling pathways initiate effective antiviral innate immune responses, in particular inducing type I INFs ([@bib41]). Previous *in vitro* studies demonstrated that PEDV strain CV777 infection of intestinal epithelial cells (IECs) modulates the NF-κB signaling pathway through up-regulation of TLR2, TLR3, and TLR9, but not RIG-I ([@bib7]). However, our results showed that *in vivo*, PEDV S-INDEL infection up-regulated the NF-κB signaling pathway through TLR3, TLR4, TLR7, and RIG-I, resulting in increased expression levels of TNF-α. Although no statistical significance was found, increased levels of IFN-α gene expression were also observed. Interestingly, both PEDV CV777 and PEDV S-INDEL strains belong to genogroup 1, and both are associated with mild clinical disease. Therefore, the differential modulation observed in the NF-κB signaling pathway could be more associated with *in vivo-*related conditions than genotypic characteristics of the virus strain used in this study. Conversely, PEDV non-S-INDEL down-regulated the NF-κB signaling pathway through a negative modulatory effect of TLR4, TLR7, TLR8, and TLR9, resulting in final attenuation of pro-inflammatory TNF-α and IFN-α gene expression. Moreover, RIG-I gene modulation after PEDV non-S-INDEL remained unaffected. In a previous study, it was demonstrated that PEDV non-S-INDEL had a significantly higher replication rate compared to the less virulent PEDV S-INDEL strain ([@bib11]). Our study demonstrated that the ability of PEDV to induce type I IFNs is strain-specific. Thus, type I IFNs may play an important role in PEDV replication and pathogenesis.

The signaling pathway during ligand binding of single-stranded and double-stranded viral RNA involves the cytoplasmic membrane TLR4 receptor and endosomal TLR7/8 and TLR-9, all of which are used as signaling pathway mediators, (MyD88 and TRIF) for eventual activation of NF-kB ([@bib22], [@bib23], [@bib41]). However, endosomal receptor TLR3 ([@bib2]) contains exclusively TRIF-adapter proteins that interact with TRAF6, which induces phosphorylation of IRF3/7 similar to the MyD88 pathway ([@bib49], [@bib53]). Finally, both MyD88 and TRIF pathways activate NF-kB and induce expression of the antiviral type I interferons ([@bib41]). In this study, PEDV non-S-INDEL infection had a negative gene modulation on membranes and endosomal TLRs. This negative modulatory effect was translated into a down-regulation of cytoplasmic mediator MyD88 and TRIF genes. *In vitro* studies demonstrated that silencing TRIF and MyD88 but not RIG-I inhibited PEDV-induced NF-kB activation, suggesting that the TLR signaling pathway is involved in PEDV-induced NF-kB activation ([@bib8]). In addition, MyD88 is a required component of the innate immune response to mouse-adapted SARS-CoV infection *in vivo* ([@bib42]). Although PEDV S-INDEL induces NF-kB activation, TLR pathway mediators TRIF and MyD88 were not significantly affected by the positive modulation of the cytoplasmic membrane and endosomal TLR genes in response to infection with PEDV S-INDEL. These contradictory results suggest that TRIF- and MyD88-independent pathways might be involved in NF-κB activation after PEDV S-INDEL infection.

TRAF6 is crucial for both RIG-I- and TLR-mediated antiviral responses. The absence of TRAF6 resulted in enhanced viral replication and a significant reduction in the production of type I IFNs after infection with the RNA virus ([@bib28]). Activation of NF-kB and IRF7, but not IRF3, is normally TRAF6-mediated. In this study, we observed that both PEDV S-INDEL and non-S-INDEL showed a negative modulatory effect on TRAF6, which was translated into a significant down-regulation of the IRF7 gene only in PEDV S-INDEL-infected animals. TRAF6 induced activation of IRF7, while TRAF3 is thought to activate both IRF3 and IRF7 ([@bib28]). However, due to the differential modulation of IRF7 observed in this study, the role of the TRAF6-dependent pathway cannot be fully elucidated, and perhaps IRF3 plays a more important role in type I IFN production in PEDV infection. The role of TRAF3 was not explored in this study but may likely play a role in IRF7 and IFN-α gene modulation. In addition, the down-regulatory effect observed in TRAF6 gene expression for both PEDV strains did not have the same modulatory effect on NF-kB gene expression. This study showed that NF-kB gene expression was PEDV strain-dependent. Although it may need further confirmation, the up-regulation of NF-kB gene expression observed in response to PEDV S-INDEL infection could be linked to the up-regulation of RIG-I gene expression induced after infection with the PEDV S-INDEL strain.

Signaling pathways (canonical and non-canonical) lead to the activation of NF-κB ([@bib23], [@bib32]). Modulation of NF-kB family members (hetero-dimer p50-p65) is affected through th TLRs, which unbound the inhibitory IkB proteins and allowed activation of the NF-kB canonical pathway ([@bib46]). We observed that PEDV non-S-INDEL exerted a down-regulatory effect on the p50-p65 hetero-dimer. The result observed during PEDV non-S-INDEL infection is in agreement with a previous *in vitro* study that demonstrated that PEDV-encoded nucleocapsid (N) protein can impede pro-inflammatory cytokine and type I interferon production by direct interaction with TANK-binding kinase 1 (TBK1), resulting in inhibition of transcription factors, such as IRF3 and IRF7, causing final NF-κB interference ([@bib17]). Moreover, it has been reported *in vitro* that PEDV non S-INDEL nsp1 protein induced NF-κB suppression ([@bib52]). Inhibition of the p50-p65 hetero-dimer blocks activation of the NF-κB canonical pathway and inhibits early TNF-α response ([@bib46]). Our results demonstrate that PEDV non-S-INDEL could use this strategy to evade the host immune system in addition to exhibiting an IFN-α down regulatory effect. Although in this study we observed that PEDV S-INDEL down-regulated the p65 gene, the NF-κB pathway was up-regulated. It has been demonstrated that inhibition of the p50-p65 hetero-dimer or the p50 homo-dimer can be compensated for by the p52-RelB hetero-dimer, resulting in the activation of the NF-κB non-canonical pathway ([@bib46]). *In vitro* studies demonstrated that PEDV protein E is capable of inducing p65 in intestinal epithelial cells and the activation of the NF-κB non-canonical pathway ([@bib48]). Moreover, further studies demonstrated that during PEDV CV777 infection, NF-kB p65 was found to be translocated from the cytoplasm to the nucleus, and PEDV-dependent NF-kB activity was associated with viral dose and active replication. In addition, the same study corroborated that upon PEDV N protein overexpression in transfected IECs, p65 was detected in the nucleus ([@bib8]).

The production of pro-inflammatory cytokines and type I interferon (IFN) at the local intestinal mucosal level is part of the innate immune response during viral infection. Interleukin-6 (IL-6) is associated with improving humoral and mucosal immune response ([@bib35]). In this study, IL-6 mucosal gene expression was not affected by PEDV infection. IL-6 expression levels are not necessarily correlated with the positive gene modulation of other pro-inflammatory cytokines. IL-12 is the major type I cytokine produced by macrophages and dendritic cells. IL-12 is believed to be responsible for enhancing Th1 and S-IgA response at the mucosal level ([@bib6]). In this study, we observed that IL-12 was up-regulated at 7 dpi by PEDV S-INDEL. This modulatory effect is in agreement with a previous *in vitro* study, which also evaluated a low-virulent strain of CV777 ([@bib20]). In this study, we observed a positive TNF-α gene regulatory effect likely associated with the up-regulation of NF-KB in response to PEDV S-INDEL infection. We speculate that this might be the result of the RIG-I non-canonical pathway of NF-κB, perhaps through the mitochondrial antiviral-signaling protein (MAVS) and TRAF3 (not evaluated in this study) ([@bib5]). Other coronaviruses, such as SARS-CoV, also showed a positive modulatory effect of TNF-α through the activation of NF-KB. Conversely, PEDV infection with the high-virulent non-S-INDEL strain induced a down-regulation effect on TNF-α gene expression. This negative modulatory effect on TNF-α could be associated with the severe pathological response characteristic of PEDV non-S-INDEL strains.

Modulation of type I IFN response seems to be a common evasion strategy of viruses in the order *Nidovirales* ([@bib51]). SARS-CoV and MERS-CoV, both within the genus *Betacoronavirus,* do not induce significant IFN response in respiratory cells *in vitro*. However, transmissible gastroenteritis epidemic virus (TGEV) within the *Alphacoronavirus* genus induces a high level of IFN-α in newborn pigs. PEDV also exists within the *Alphacoronavirus* genus; however, we found virus strain-related differences in IFN-α gene modulation. Although no significant IFN-α gene modulation was observed after PEDV S-INDEL infection, there was an increment consistent with previous reports on TGEV. The down-regulation observed in PEDV non-S-INDEL is more consistent with the effect observed with other members of the *Betacoronavirus* genus. The differential modulatory effect in the TNF gene between PEDV strains observed in this study is coincident with the severity in pathogenicity between PEDV S-INDEL and non-S-INDEL.

In summary, the aim of this study was to investigate the differential gene modulation of pattern recognition TLR and RIG-I-like receptors and downstream mediators on the intestinal mucosa of neonatal pigs infected with PEDV non-S-INDEL and PEDV S-INDEL strains. Our results suggest that PEDV S-INDEL infection induces pro-inflammatory cytokines through the non-canonical NF-κB signaling pathway by activating the RIG-I receptor ([Fig. 7](#f0035){ref-type="fig"}). Meanwhile, PEDV non-S-INDEL infection suppresses the induction of pro-inflammatory cytokines and type 1 interferon production by down-regulation of the cytoplasmic membrane and endosomal TLRs, as well as TLR downstream-signaling molecules (canonical NF-κB pathway) ([Fig. 7](#f0035){ref-type="fig"}). These data present novel *in vivo* evidence supporting the notion that the evasion strategy of the PEDV non-S-INDEL strain might provide important insights into the pathogenesis of this strain. Based on our results, both low-virulent PEDV S-INDEL and high-virulent PEDV non-S-INDEL cause differential modulation on innate immune response pathways, which could be translated into differences in pathogenesis and clinical outcomes normally observed after PEDV infection.
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